The crystal structure of human endostatin reveals a zinc-binding site. Atomic absorption spectroscopy indicates that zinc is a constituent of both human and murine endostatin in solution. The human endostatin zinc site is formed by three histidines at the N terminus, residues 1, 3, and, 11, and an aspartic acid at residue 76. The N-terminal loop ordered around the zinc makes a dimeric contact in human endostatin crystals. The location of the zinc site at the amino terminus, immediately adjacent to the precursor cleavage site, suggests the possibility that the zinc may be involved in activation of the antiangiogenic activity following cleavage from the inactive collagen XVIII precursor or in the cleavage process itself.
Endostatin is a 20-kDa C-terminal globular domain of the collagen-like protein, collagen XVIII (1), first isolated from a hemangioendothelioma cell line for its ability to inhibit the proliferation of capillary endothelial cells (1) . Purified recombinant murine endostatin generated in bacteria injected as an unfolded suspension, inhibited the growth of a variety of implanted, primary tumors in mice, but lacked antiproliferative activity on tumor cells themselves in vitro (1) . Repeated cycles of endostatin-induced tumor regression and inhibitorfree regrowth did not generate endostatin resistant tumors consistent with an antiangiogenic mechanism targeting capillary epithelial cells rather than rapidly dividing tumor cells (2) . Cycled treatment of several tumors in mice resulted in a persistent dormant state of the tumors (2) . The x-ray structure of murine endostatin, to 1.5 Å resolution, revealed a structural similarity to the C-type lectin and E-selectin-like family of proteins, but endostatin lacks characteristic Ca 2ϩ -binding sites that are active in the carbohydrate-binding function of selectins (3) . A surface rich in the basic residue arginine was identified as a potential heparin-binding site, which might antagonize the heparin-binding activity of the angiogenic protein, basic fibroblast growth factor (3, 4) . Murine endostatin for x-ray studies was expressed in human tissue culture cells with four extra amino acids ''APLA'' at its N terminus. In the crystals, grown at pH 5.0, the first 10 residues and the last five residues were disordered (3) and no metal atoms were observed.
Several angiogenic and antiangiogenic proteins are stored as inactive precursors in the blood or basement membranes (reviewed in ref. 5) . Endostatin is stored as the C-terminal portion of collagen XVIII (6) , which is localized in the basement membrane around blood vessels (7) . Fragments of collagen XVIII longer than endostatin do not inhibit endothelial cell proliferation (1) . A balance of positive and negative signals appears to control angiogenesis (5, 8) , but what factors regulate the activity of the various proteins, like endostatin, around tumors and normal cells is largely unknown.
We have determined the structure of human endostatin by x-ray crystallography, revealing a zinc site, and used atomic absorption spectroscopy to show that zinc is a constituent of both human and murine endostatin in solution. The location of the zinc site at the amino terminus, immediately adjacent to the precursor cleavage site, suggests the possibility that the zinc is important for the activation or antiangiogenic activity of endostatin.
minus. Enterokinase digestion led to a product with one additional amino acid leucine at N terminus of endostatin. Both cleaved products were purified further by two additional steps; heparin Sepharose and SP Sepharose (Pharmacia). Soluble recombinant Fc-endostatin completely suppresses tumors in mice induced with Lewis Lung tumor (K.J. and J.F., manuscript in preparation).
Structure Determination. The structure was determined from crystals obtained at 4°C by hanging drop vapor diffusion, with equal volumes of 10 mg͞ml protein in 20 mM Tris⅐HCl (pH 8.5) and 150 mM NaCl and 50 mM Tris⅐HCl (pH 8.5), 6% polyethylene glycol 8000, 1.5 M NaCl, and 2 mM MgCl 2 mixed at room temperature in the drops and equilibrated against 0.5 ml of the latter buffer. Crystals (C2 a ϭ 92.76 Å, b ϭ 74.27 Å, c ϭ 137.80 Å, ␤ ϭ 102.56) have four monomers in the asymmetric unit. Crystals were transferred to 15% polyethylene glycol 6,000, 20% glycerol, 50 mM Tris⅐HCl, pH 8.5, and 150 mM NaCl for Ϸ20 sec before flash cooling in a stream of cold nitrogen. Data were collected at the Cornell High Energy Synchronton Source (CHESS) A1 station ( ϭ 0.92 Å) with the 80 mm 2K CCD (bined mode) (0.5 degree oscillations). Data were integrated and scaled with DENZO and SCALEPACK (17) . Most of the subsequent processing used the CCP4 programs (11, 12) .
Murine endostatin (3) was used in molecular replacement calculations by using AMORE (13) (residues Q138-S308 corresponding to human P8-S177) with the 17 sequence differences made alanine. Four monomers were located with final correlation coefficient of 45.9% and R factor of 41.4% by using data from 12.0-3.5 Å. Initial electron density maps (2F o -F c and F o -F c ) were calculated from the rigid body-refined search model. The F o -F c map showed four strong positive peaks (Ͼ7), suggesting metals, located in pairs, near the monomermonomer interfaces of two noncrystallographic dimers. Some electron density for metal ligands was evident in both 2F o -F c and F o -F c electron density maps, and some electron density could be seen at the dimer interface, but it was discontinuous at that stage. Two residues from the N terminus and one from the C terminus were deleted from the initial search model to reduce model bias. A monomer envelope was made based on the model by using MAMA (11, 12) and checked with program O (14) . An electron density map calculated with SFAL (15) was fourfold averaged inside the envelope by using AVE (11, 12) and extended to the whole unit cell. New phases were calculated from the averaged electron density to initiate iterative noncrystallographic real space averaging and solvent flattening with DM (11, 12) . After 12 cycles, the correlation converged (from 0.5 to 0.8). This improved electron density map showed that the N-terminal histidines were metal ligands. Cycles of model building and refinement included a bulk-solvent correction coupled with conventional positional refinement, simulated annealing, and individual B factor refinement. Because of the low resolution of the data and a low observation to parameter ratio, strict NCS constraints were used at all stages of refinement. After three rounds of rebuilding (R free ϭ 0.315%; R work ϭ 0.295%; see Table 1 ), the N-terminal nine residues (not observed in the murine structure; ref.
3) and two from C terminus were built. This permitted construction of a nonoverlapping monomer envelope in the dimer interface near the metal sites. Iterative fourfold averaging starting from a map with phases calculated by omitting the nine N-terminal residues and using this new envelope generated clear electron density for the entire 9-aa loop around the zinc (Fig. 5 ). For refinement, data with ͉F obs ͉ (observed structure factor amplitude) Ͼ 2 were used; for map calculation, data with ͉F obs ͉Ͼ0 were used. The final R free is 27.5% and R work 24.0%. The final model contains residues from 1 to 178 and one zinc. An N-terminal residue preceding the endostatin sequence and the five C-terminal endostatin residues are not observed (Table 1 ). All non-glycine residues are in the allowed region of the Ramachandran plot, with 83% in the most favorable regions, 16% in the allowed region, and with Asp-76, a zinc ligand, in the generally allowed region.
RESULTS
Expression and Structure Determination. Human endostatin has been expressed as a secreted fusion protein, with the Fc domain of IgG-1, in a murine myeloma cell and released from the Fc portion by enterokinase digestion. N-terminal sequencing and mass spectrometry indicate that one leucine precedes the natural N-terminal histidine (residue 132 [ref. (3) ] here called residue 1) of the purified, full length (1-183) endostatin. The three-dimensional structure was determined and refined to 3.0 Å resolution by using the mouse endostatin coordinates to initiate phase determination by molecular replacement and the presence of four endostatin molecules in the asymmetric unit of the crystal for iterative fourfold noncrystallographic real-space averaging and solvent flattening. The final model (statistics in Table 1 ) is missing the nonendostatin leucine at the N-terminal and the five C-terminal residues 179 MTASK 183 .
Human Endostatin Contains Zinc. The human endostatin monomer structure is centered on a seven-stranded ␤-sheet (E, F, A, P, J, M, O in Fig. 1 ), like the murine molecule (3), the last five strands (A-O) being analogous to the five central strands in the carbohydrate recognition domain of mammalian C-type lectins (reviewed in ref. 16) . One side of the ␤-sheet contains the ␣1 ␣ helix (Fig. 1) and the other side is covered by short ␤ sheets, loops, and a second ␣ helix, ␣2. The loops following strand J and preceding strand M follow very different paths from those in carbohydrate recognition domains, which contain Ca 2ϩ sites and are involved in carbohydrate binding (16) . The N-terminal six residues of human endostatin (blue in Fig. 1 ) are ordered around a zinc atom (black sphere, Fig. 1 ) (see below). The indication that zinc might be a constituent of endostatin came from studies by one of us (T.B.) indicating that mouse endostatin expressed in yeast was differentially susceptible to proteolytic removal of residues 1-3 (His, Thr, and His) by a contaminating protease, only when treated with EDTA at 37°C (T.B. and J.F., unpublished data). This prompted us to grow human endostatin crystals at higher pH in which the N-terminal histidines would not be charged. Data from a new crystal form of mouse endostatin grown at pH 8.5 also shows a zinc site (E. Hohenester, unpublished data). I͞s(I) is the mean reflection intensity͞estimated error. Rsym ϭ ¥͉Ii Ϫ ͗I͘͞¥Ii, where Ii is the intensity of an individual reflection and ͗I͘ is the average intensity of that reflection. Rcryst ϭ ¥͉ ͉Fp͉Ϫ͉Fc͉ ͉͞¥͉Fp͉, where Fc is the calculated structure factor. Rfree is equivalent to Rcryst but calculated for a randomly chosen 7% of reflections that were omitted from the refinement process.
The zinc-binding site of human endostatin is tetrahedral with three zinc ligands from the N-terminal loop, histidine-1, -3, and -11, and a fourth ligand, aspartic acid-76 from the loop between the E and F ␤-strands ( Fig. 1 and Fig. 2 ). The zinc ligands are conserved in the three known endostatin sequences: human, murine, and dog. No zinc atoms have been found in other members of the C-lectin family of proteins and none of the Ca 2ϩ ions of those molecules are found near the endostatin zinc position, despite the clear structural similarity among these molecules. The endostatin zinc-binding site most closely resembles the structural zinc site of the matrix metalloproteinases such as human fibroblast collagenase (18) (19) (20) , which have three histidine and one aspartic acid ligand, and the active site zinc of proteases, such as thermolysin and carboxypeptidase A, which have two histidines and one glutamic acid as zinc ligands, with the fourth position occupied by a bound, activated water molecule that is the attacking nucleophile in the proteolytic mechanism (reviewed in refs. 21 and 22) . The possibility that histidine-1 at the N terminus of endostatin might be replaced by a water molecule generating a protease at some stage, such as in the precursor form of the molecule, is discussed below.
Atomic absorption spectroscopy confirmed that zinc is a constituent of the Fc-endostatin of both human and murine endostatin in solution ( Table 2 ). Enterokinase treated Fchuman endostatin, which yields full length endostatin, also showed approximately one atom of zinc per endostatin monomer. Trypsin cleaved Fc-human endostatin, which results in loss of the first four residues of endostatin contains no detectable zinc (Table 2) . These results are consistent with the human endostatin crystal structure that shows histidines at residues 1 and 3 to be two of the zinc ligands.
Endostatin Dimers in the Crystal. A number of twofold symmetric dimers is evident in the packing of the four endostatin monomers in the asymmetric unit of the human endostatin crystals. One dimer interface is formed by the contact of two solvent exposed phenylalanines on the ␣1 ␣ helix from each monomer, a prominent nonpolar patch suggested as a potential interdomain interaction site in murine endostatin (3) (residues F31 and F34 in Fig. 3) . Another dimeric contact, that would be zinc dependent, is formed between the projecting N-terminal loops of two monomers; each loop ordered around a zinc ion (Fig. 3A, center) . This contact is formed primarily by three residues that project from the rim of the N-terminal loop: arginine-4, phenylalanine-6, and glutamine-7 (Fig. 3B) . The glutamines at residue 7 of each monomer contact each other forming a hydrogen bond at the center of the interface. Each ring of the phenylalanines at residue 6 contacts a nonpolar patch containing leucine-78 of the adjacent monomer. Arginine-4 from each monomer forms hydrogen bonds with two main chain carbonyl oxygens on the loop containing the aspartic acid zinc ligand at residue 76 (carbonyls at residue 75 and 76) (Fig. 3B) . This dimeric interaction could only occur if the N-terminal loops were ordered as the result of binding zinc. No dimers of human endostatin released from Fc-endostatin by enterokinase were observed by gel filtration chromatography. Whether these dimeric contacts observed in crystal packing occur in vivo, e.g., when bound to a receptor, is unknown.
Tentative Heparin-Binding Site. One surface of endostatin contains 11 of the 15 positively charged arginine residues (Fig.  5 in ref. 3) and has been proposed to contain the heparinbinding site. The arrangement of this patch of residues on the zinc dependent dimer of human endostatin is shown in Fig. 4 .
Structural Similarities to Other Proteins. A search of the structural database using the program DALI (23, 24) found that endostatin has structural similarity to the carbohydrate recognition domains of the C-type lectin family of proteins (16) . Murine endostatin was found (3) to be most similar to Eselectin (DALI score Z ϭ 3.1), an endothelial cell-specific membrane adhesion glycoprotein (25) and lithostathine, an inhibitor of stone formation in the pancreas (26) . Although endostatin shares only a statistically insignificant 9% sequence identity with these proteins, the structural similarity indicates an evolutionary relationship. A similar search with the human endostatin structure found slightly greater structural similarity to two proteins of the same C-type lectin family, human tetranectin, a trimeric plasminogen-binding protein (Z ϭ 3.8) (27) and coagulation factors IX͞X-binding protein from snake venom (Z ϭ 3.7) (28, 29) . The ␣-carbon positions of these two proteins can be superimposed on human endostatin with rms deviation values of 3.8 Å and 3.1 Å, respectively (best 87 and 79 C␣ pairs). Tetranectin has structural similarity to the collectins, like mannose-binding proteins (16) , that contain trimeric stems of collagen repeats and an ␣ helical coiled coil. Although no ␣ helical coiled coil is evident in its sequence, the precursor of endostatin, collagen XVIII, is also a trimeric molecule with a long stem of collagen repeats (6, 30) . Tetranectin binds both plasminogen and carbohydrates (31) (32) (33) and has been colocalized with plasminogen at the invasive front of cutaneous melanoma lesions (34) , suggesting that it may target plasminogen to particular cells or extracellular matrices (27) , but its biological role remains unknown. Coagulation factors IX͞X-binding protein is an anticoagulant that binds in a Ca 2ϩ -dependent fashion to block the coagulation cascade (35) . Tetranectin and the anticoagulant are both Ca 2ϩ proteins and do not have zinc sites, but like many proteins that control angiogenesis (1, 5, 8, (36) (37) (38) , they are associated with blood clotting enzymes suggesting an evolutionary relationship between the regulation of angiogenesis and of coagulation (1) .
DISCUSSION
The finding that zinc is a constituent of endostatin suggests that it may be a requirement either for the activation of endostatin from its precursor or for its antiangiogenic activity. Zinc-binding sites in proteins can be simply structural or more directly functional. Even if the endostatin zinc were primarily structural it still could have consequences for activity either indirectly by stabilizing the tertiary structure or more directly if the N-terminal loop structured around the zinc were involved in activity, such as through endostatin dimer formation or through interaction of this loop with a currently unknown target protein. This idea can be tested by mutation of the arginine, phenylalanine, and glutamine, which project from the N-terminal loop to form the dimer (Fig. 3) .
A more direct enzymatic function of the zinc site currently appears unlikely for two reasons: first, endostatin has four zinc ligands (Fig. 2) , one of which (such as the N-terminal histidine) would need to be replaced by water to create a zinc-proteaselike site; second, when we superimpose the zinc site of carboxypeptidase A on endostatin, we do not find candidates for either (i) the general base equivalent to glutamic acid 270 of carboxypeptidase A, required in the proteolytic mechanisms to abstract a proton from the zinc bound water forming the nucleophilic hydroxide ion that attacks the substrate carbonyl carbon or (ii) a side chain or backbone amide equivalent to arginine-127 of carboxypeptidase A, to stabilize the negative charge developed on the carbonyl oxygen of a substrate in the tetrahedral intermediate in the proteolysis. It is not impossible that these elements required for catalysis could be supplied by parts of precursor collagen XVIII, whose structure is unknown, and that the zinc site could be involved either in the cleavage of the precursor or in some activity following cleavage. Activation of some matrix prometalloproteinases occurs by the conversion of a structural, tetradentate, protein-zinc site to a tridentate-zinc site. Water then becomes the additional ligand after proteolytic removal of a segment containing the fourth protein-zinc ligand (20, 21, 39) . In the collagenase-like astacins and serralysins, one finds substrate displacement of a fifth tyrosine-zinc ligand during catalysis.
Understanding the role of zinc in the activity or regulation of the activity of endostatin may inform studies of the regulation of angiogenesis and may have practical application in the design of experimental antiangiogenic therapies. Strategies for stabilizing the zinc-binding loop with other metals may be useful to stabilize the protein, especially if the loop contacts a receptor. Protein engineering to create a covalent dimer by a disulfide link between residues at position 7 (Fig. 3b) or by forming a single chain dimer based on the proximity of the C and N termini of respective monomers, might produce a more potent protein.
